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The present study investigates the recovery of bioactive compounds from underutilized and non-
commercial mango criollo by using sustainable technologies. Deep eutectic solvents (DES) [B-alanine (B-
Ala) with malic acid (DES-1) and citric acid (DES-2) and choline chloride (ChCl) with ethylene glycol
(DES-3) and glycerol (DES-4)] combined with ultrasound-assisted extraction (UAE) [500 W-20 kHz at 36
um/6 min for peel and at 45 pm/30 min for pulp] (DES-UAE) successfully isolated phenolic compounds,
carotenoids, and terpenoids from mango criollo pulp and peel. Conventional extraction yielded 10 times
more phenolic compounds and 3 times more carotenoids in the peel than in the pulp. ChCl-based DES
significantly improved the extraction of phenolic compounds and antioxidant activity in both pulp and
peel compared to conventional extraction (stirring with aqueous ethanol). Total phenolic compounds in
peel with DES-4 (4.71 mg g~ DW) and in pulp with DES-2 (0.87 mg g~ DW) represented the best results
with increases of 29% and 72%, respectively, compared to conventional extraction. Carotenoid recovery
in pulp was similar between methods, while in the peel, the conventional extraction (stirring with diethyl
ether/petroleum ether) was superior. All DES in pulp recovered ~85% of the carotenoids that
conventional methods yielded (42.74 ng g=* DW), but DES in peel were less effective than conventional
extraction (129.70 pg g~ DW), where the best result was with B-Ala-based DES-2 that extracted 71% of
the carotenoids obtained by conventional extraction. DES-UAE presents a promising, eco-friendly
alternative for extracting valuable compounds from mango waste, supporting applications in the food
industry while reducing environmental impact.
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Sustainability spotlight

The research on “Green extraction of phenolic compounds and carotenoids from the pulp and peel of mango criollo by sustainable emerging technologies”
presents a significant sustainable advance by developing an eco-friendly method for extracting valuable bioactive compounds from mango by-products. This
work utilizes deep eutectic solvents (DES) and ultrasound-assisted extraction (UAE), offering a greener, safer alternative to conventional methods that rely on
harmful organic solvents, reducing environmental impact and energy consumption. This innovation directly aligns with SDG 12: Responsible Consumption and
Production, by transforming agricultural waste into beneficial resources, thus minimizing environmental impact and promoting circular economy principles;
SDG 9: Industry, Innovation, and Infrastructure, through the development and implementation of sustainable, cutting-edge extraction technologies in the food
industry; and SDG 13: Climate Action, by promoting sustainable resource use and reducing agro-industrial waste.

1 Introduction

Mango (Mangifera indica L.) is widely cultivated in tropical and
subtropical areas. Global mango production in 2023 was
around 59.3 million tonnes (including mangosteens and
guavas), with India, China and Thailand being the largest
producers in the world, although India's production represents
around 40% globally.* Mango consumption has increased
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worldwide as fresh fruit and in derived products (juice, nectars,
smoothies, concentrate, jams, dried fruit, etc.) due to its sensory
characteristics and nutrient richness, including carbohydrates,
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lipids, vitamins, proteins, minerals, and bioactive compounds
like dietary fiber, polyphenols (phenolic acids, gallotannins,
flavonols, flavanols, benzophenones and xanthones such as
mangiferin), and carotenoids (B-carotene and B-cryptoxanthin,
among others). These compounds have potential health bene-
fits against major global health problems.>” Studies suggest
that mango extracts possess antidiabetic, anticancer, anti-
inflammatory, antioxidant, and antibacterial activities.*™*°

The agro-food industry generates significant by-products
(and waste) like peels and seeds from mango processing (35-
60% of the fruit), which are rich in bioactive compounds.***>
Whole mangoes are also discarded due to factors like size and
appearance,” as is the case with mango criollo in Argentina,
valued for its phenolic compounds and carotenoids despite its
low commercial value due to high fiber content and small size.
Mango peel contains more polyphenols than pulp and is
a significant source of carotenoids, mainly all-trans-B-carotene
(around 60% of total carotenoids). The content of these
compounds varies by cultivar, location, and maturity.>*

The valorisation of mango by-products and waste must be
updated to use green extraction techniques that replace tradi-
tional methods that use harmful solvents, reducing processing
costs and energy."

Alternatives include heterogeneous catalysts, water, super-
critical fluids, ionic liquids,” nanoparticles'®” and deep
eutectic solvents (DES) for extracting carotenoids and poly-
phenols.’®* DES are biocompatible, low-cost, and biodegrad-
able,>*' formed by mixing a hydrogen bond acceptor (HBA),
like choline chloride (ChCl) or B-alanine (B-Ala) with a hydrogen
bond donor (HBD) such as amino acids or sugars.?**® Natural
deep eutectic solvents (NaDES) use naturally occurring
components and can extract polar bioactive compounds by
interacting with them or by disrupting cell walls.>***

While most DES are used for hydrophilic compounds, some
hydrophilic NaDES can dissolve lipophilic compounds like
carotenoids.*® Sustainable assisted extraction methods using
microwave, high-hydrostatic pressure, pulsed electric field, and
ultrasound-assisted extraction (UAE) are being investigated to
improve efficiency and reduce time, energy, and solvent use.

UAE is based on the acoustic cavitation phenomenon that is
the formation and growth of microbubbles during the period of
negative pressure; these microbubbles are compressed and
collapsed producing damage in the cell wall that allows better
solvent penetration and the release of bioactive compounds.
The combination of deep eutectic solvents (DES) with ultra-
sound-assisted extraction (UAE) could be more effective than
other green extraction technologies because, on one hand, UAE
enhances the extraction efficiency by improving the mass
transfer and reducing the extraction times, energy consumption
and solvent volume, and on the other hand, DES are biode-
gradable, non-toxic, and low-cost, making them a sustainable
alternative to conventional organic solvents. For these reasons,
the combination of DES + UAE is a highly effective and envi-
ronmentally friendly method for extracting compounds from
fruit  by-products  aligning with green chemistry
principles.>**>7
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This study aimed to explore the simultaneous extraction of
phenolic and carotenoid compounds from mango criollo pulp
and peel using DES (ChCl and B-Ala) combined with UAE, as
these DES components are used in food supplements, allowing
potential direct application of the extracts (without requiring
the isolation of bioactive molecules from the solvent).

2 Materials and methods
2.1 Sample preparation

Mango criollo fruits (50 units, totaling six kilograms) at full
maturity were collected from trees located in Corrientes, Argentina
(latitude — 27.510501795690335, longitude — 58.82515496578836).
Immediately post-harvest, the fruits underwent a washing step
with water, followed by drainage on paper. Subsequently, the peel
was manually separated using a sharp knife, and the remaining
pulp was obtained by gentle scraping with a blunt edge, yielding
two fractions: peel and pulp. These fractions were then freeze-dried
for 48 hours at —58 °C and 0.035 mbar using a Christ Alpha 1-4 LD
lyophilizer (Osterode, Germany) before being ground to a particle
size of less than 0.25 mm (60 mesh) with an Arcano FW 100
industrial grinder (Beijing, China). The resulting dry powders were
stored in airtight, opaque black PVC containers without air space
and kept at —20 °C. These samples were then transported by air to
ICTAN in Madrid, Spain, within 48 hours and stored again at
—20 °C until experimentation.

2.2 Chemical and reagents

Absolute ethanol (ETOH), methanol (MeOH) and acetonitrile
(HPLC-grade) were provided by Lab-Scan (Dublin, Ireland).
Analytical grade formic acid (98%) was purchased from Panreac
Quimica (Barcelona, Spain). Methyl tert-butyl ether (MTBE), tetra-
hydrofuran (THF), petroleum ether (PE) and diethyl ether (DE),
were obtained from Analisis Vinicos (Tomelloso, Spain). Deionised
water of 18 MQ cm purified with a Milli-Q system (Millipore,
Bedford, USA), was used. Folin Ciocalteu reagent, 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and 2,2’-azinobis(3-ethylbenzothiazoline)-6-
sulphonate (ABTS), gallic acid, quercetin, maclurin, mangiferin,
quercitrin, quercetin-3-O-galactoside, quercetin-3-O-rhamnoside,
ellagic acid and (—) catechin, lutein (xanthophyll from marigold),
zeaxanthin, a- and B-carotene, B-cryptoxanthin, tocopherol acetate,
potassium hydroxide (KOH), pyrogallic acid and trimethylamine
were obtained from Sigma Aldrich (Madrid, Spain).

2.3 Deep eutectic solvent (DES) preparation and
characterization

2.3.1. DES preparation. Various DESwere prepared
according to Pal et al. (2020).> Hydrogen bond donors (HBD)
mixed with hydrogen bond acceptors (HBA) in a fixed molar
proportion were placed in a capped glass bottle with 700 rpm
magnetic agitation at 70 = 2 °C for 60-120 min until the
formation of a homogeneous clear liquid. Also, the formation of
some of the DES required the addition of water (Table 1). All
prepared DES were stored in darkness at ambient temperature.
The stability of the DES formed was evaluated after a period of 7
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Table 1 Conditions for the preparation of deep eutectic solvents (DES) and their characteristics®

DES-1 DES-2 DES-3 DES-4
HBA B-Alanine B-Alanine Choline chloride Choline chloride
HBD pr-Malic acid Citric acid Ethylene glycol Glycerol
Other H,O H,O — —
Molar ratio 1:1:3 1:1:3 1:2 1:2
Colour of solution Light yellow Light yellow Colourless Colourless
Viscosity (cps) 750 £ 30 2350 £ 25 150 £ 15 450 £ 20
Td °C 148.54 £+ 0.20 149.59 + 0.05 203.58 + 0.86 182.48 £ 0.07
Polarity Exg (keal mol *) 48.08 + 0.34 47.89 + 0.43 50.53 + 0.17 50.13 + 0.42

% HBA: hydrogen bond acceptors, HBD, hydrogen bond donors, Td: degradation temperature, and Exg = molar transition energy.

days under ambient light and temperature (25 + 2 °C) condi-
tions assessing macroscopic crystallization and color changes.

2.3.2. DES viscosity determination. The viscosity test was
performed in a thermostatic block (25 + 1 °C) using a Brookfield
LVDVII + viscometer (Middleboro, MA, USA) with LV spindle
probe no. 4 and rotational speeds of 6 and 12 rpm. The deter-
mination was performed in triplicate for each rotational speed,
and the results were expressed in centipoises (cps) as an average
of the six determinations (Table 1).

2.3.3. Differential scanning calorimetry analysis (DSC). To
determine the degradation temperature of the DES (Td),
experiments were performed using a DSC Q1000 (TA Instru-
ments, Waters Corporation, New Castle, USA). The experiments
were conducted under a nitrogen atmosphere, with samples of
5-10 mg packed in aluminium pans with lids. The samples were
heated at a constant heating rate of 5 °C min™*, from 20 °C up to
400 °C. The results presented are the average of at least three
measurements (Table 1).

2.3.4. Polarity measurements and molar transition energy.
Polarity measurements were carried out using Nile red as
a solvatochromic probe as described by Jeong et al. (2017).>° In
brief, a Nile red stock solution of 1 g L™ in ETOH was prepared,
and stored at 4 °C. The DES sample (or other solvent) was placed
a 1 cm® quartz cuvette, and a blank was recorded. After that, 100
uL of the Nile red stock solution were added to the DES sample
in the cuvette. Absorption spectra of the solutions were
measured in the range 400 to 700 nm at 23 °C using a spectro-
photometer (Ultrospeac 4300 pro, Amersham Biosciences, UK)
in 10 mm path length quartz cuvettes. Measurements were
performed in triplicate (Table 1).

The molar transition energy (Exg) (kcal mol™') of the
solvents employed in the extraction process was calculated
using the equation Exg (kcal mol ") = hc/Amax = 28 591/Amax-
Lower Eng values indicate higher polarity because solvents with
higher polarity exhibit higher shifts in Ay,,..** Thus, Exg values
(kcal mol™") for water (48.46 + 0.30), ETOH (52.05 + 0.11),
MeOH (51.75 + 0.17), THF (55.15 + 0.18), DE (55.29 + 0.40), PE
(56.12 =+ 0.50), a mix of DE: PE (50:50) (55.82 + 0.30), DES-1
(48.08 + 0.34), DES-2 (47.89 + 0.43), DES-3 (50.53 + 0.17) and
DES-4 (50.13 £ 0.42) were calculated (Table 1).
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2.4 Extraction procedures

2.4.1. Conventional magnetic stirring extraction of
phenolic compounds with ETOH. Extraction conditions used
were previously described by Ojeda et al. (2022).** Briefly, 2 g of
lyophilized pulp and 0.5 g of lyophilized peel were extracted at
a solid-to-liquid ratio of 1:30 (g mL™") for peel and 1:15
(g mL ™) for pulp with an ETOH/water ratio of 46 : 54 (v/v) for
peel and 25: 75 (v:v) for pulp. The mixtures were homogenized
for 3 min at 9500 rpm using an Ultra-Turrax homogenizer (T-18
Digital, IKA Works Inc, Breisgau, Germany). Then, the mixtures
were magnetically stirred (800 rpm) for 1 h at room temperature
and the extracts were centrifuged in a Sorvall Evolution RC
centrifuge (Thermo Fisher Scientific Inc, USA) at 16 000g at 4 °C
for 15 min and the supernatants were separated and
concentrated at 40 °C in a rotary evaporator (Biichi model R111
Evaporator Lab), made up to 10 mL with ETOH and stored at
—20 °C until analysis. Extraction was performed in duplicate
(n=2).

2.4.2. Ultrasound-assisted extraction (UAE) of phenolic
compounds with DES. Samples of 2 g of lyophilized pulp and
0.5 g of lyophilized peel were extracted with the DES shown in
Table 1 at a solid-to-liquid ratio of 1: 30 (g mL ") for peel and 1 :
15 (g mL ") for pulp. The mixtures were previously homoge-
nized for 3 min at 9500 rpm by using an Ultra-Turrax homog-
enizer (T-18 Digital, IKA Works Inc, Breisgau, Germany).
Ultrasound-assisted extraction (UAE) was performed using a 19
mm solid tip sonotrode (maximum amplitude of 60 um) con-
nected to a Fisherbrand Model 505 Sonic Dismembrator ultra-
sound generator (500 watts, 20 kHz, Fisher Scientific™). The
sonication was conducted at 36 pm amplitude for a total of 12
min in pulsed mode with cycles of 1 second on and 1 second off.
To prevent overheating, the generator was cooled by circulating
compressed air at a pressure of 5 psi. The heat generated during
the sonication of the samples was offset by using an ice bath to
avoid temperatures over 30 °C. After the UAE process, the
samples were centrifuged at 20000g (Sorvall Evolution RC
centrifuge, Thermo Fisher Scientific Inc, USA) for 30 min, and
the supernatants were stored at —20 °C until analysis. Extrac-
tion was performed in duplicate (n = 2).

2.4.2.1 Preparation of DES-US extracts for analysis. For the
release of phenolic compounds from DES, samples of 1 g of the
DES-supernatant were heated up to 35 °C in a water bath,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dissolved with 4 mL of distilled water, vortexed for 2 min and
slowly loaded on a Sep-Pack cartridge (1000 mg, silica-based
C18 sorbent, 55-105 um particle size) (PurpleSeries, Analisis
Vinicos, Tomelloso, and Espana) which had been previously
equilibrated with 4 mL of MeOH followed by 4 mL of water.
After loading 4 mL of the aqueous supernatant, the column was
washed with 4 mL of deionized water, and the phenolic
compounds were recovered from the column by elution with 4
mL of MeOH. The extracts were concentrated at 40 °C in a rotary
evaporator (Biichi model R111 Evaporator Lab) to dryness and
stored under a nitrogen atmosphere in amber vials with screw
caps at —20 °C until analysis. The extraction was performed in
duplicate (n = 2).

2.4.3. Conventional extraction of carotenoids. Analyses
were performed in duplicate using freeze-dried mango peel
(0.2-0.7 g) and pulp (0.2-0.5 g), hydrated with milliQ water (1.8-
6.3 mL) for one hour under stirring. Then, 500 uL of the internal
standard (tocopherol acetate 0.32 mg mL™') and acetone were
added. Extraction was performed with 10 mL DE: PE (1: 1, v/v),
followed by vortexing for 2 min, and centrifugation at 3500 rpm
for 3 min at 4 °C. The supernatant was collected, and the pellet
was re-extracted with DE : PE until colorless supernatants were
obtained. The supernatants were dried with nitrogen and
reconstituted with 1.5 mL of MTBE : MeOH (1 : 1, v/v) for HPLC
injection.

For saponification of xanthophyll fatty acid esters (adapted
from Granado et al., 2001),** 400-600 pL of extracted caroten-
oids were mixed with an equal volume of pyrogallic acid (0.1 M
in ETOH) and KOH (30% in MeOH) and subjected to ultrasonic
bath treatment in darkness for 7 minutes. Subsequently, 800-
1200 pL of distilled water and 1600-2400 pL of DE: PE were
added. After vortexing for 1 min and centrifugation at 3500 rpm
for 3 min, the upper organic layer was transferred. This liquid-
liquid extraction was repeated twice. The combined organic
extracts were dried under nitrogen and reconstituted in 150-200
pL of MTBE : MeOH (1 : 1, v/v) for HPLC analysis.

2.4.4. Ultrasound-assisted extraction (UAE) of carotenoid
compounds with DES. Carotenoid extraction from mango
criollo pulp and peel using different DES (Table 1) followed the
polyphenol extraction procedure (2.4.2) except for HPLC-DAD
preparation. Carotenoids were released from DES via SPE (C18
cartridge, 1000 mg, 55-105 um particle size) or liquid-liquid
extraction (LLE) with THF/PE or DE: PE (50 : 50).

For SPE, 1 g of the DES extract was heated up to 35 °C, di-
ssolved in 2 mL of water, vortexed and loaded on an equili-
brated SPE cartridge. After loading 3 mL of the aqueous extract,
the column was washed with 4 mL of water, and carotenoids
were eluted with 3 mL of ETOH (first 20 drops were discarded)
followed by another 3 mL ETOH. Combined extracts were dried
with nitrogen, stored at —20 °C, and finally reconstituted in 300
uL of HPLC solvent.

For LLE, 1 g of the DES extract was heated to 35 °C, dissolved
in 1 mL water, and vortexed. After one minute, 2 mL of DE : PE
(1:1) or THF was added, followed by vortexing and centrifuga-
tion at 3500 rpm for 3 min at 4 °C. The supernatant was
collected, and the pellet was re-extracted. Combined superna-
tants (THF extracts were washed with PE) were dried under
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nitrogen and reconstituted in 200 pL of MeOH : MTBE (1: 1, v/v)
for HPLC analysis.

2.5 Analysis

2.5.1. HPLC-DAD-ESI-QTOF-MS/MS and HPLC-DAD anal-
ysis of phenolic compounds. The dry extracts obtained from
DES combined with ultrasound-assisted extraction (DES-US)
were re-dissolved with 2 mL of MeOH. Aliquots of conventional
extracts obtained with magnetic stirring (ETOH-MS) (4 mL) were
dried in a rotary evaporator (Biichi model R111 Evaporator Lab)
at 40 °C and also re-dissolved with 2 mL of MeOH. Both extracts
(DES-US and ETOH-MS) were filtered with 0.45 pm nylon filters
prior to injection in the HPLC-system.

The separation and identification of major phenolic
compounds in the ETOH-MS extract of pulp and peel of mango
criollo were carried out by HPLC-DAD-ESI-QTOF-MS/MS accord-
ing to the procedure described by Ojeda et al. (2022)** by using an
Agilent 1200 series high pressure liquid chromatography system
coupled to a quadrupole mass time-of-flight spectrometer with
an electrospray ionization source (ESI) via Jet Stream Technology
(Agilent G6530A Accurate Mass Q-TOF MS/MS). The major
phenolic compounds present in ethanol-based (ETOH-MS) and
deep eutectic solvent-ultrasound assisted (DES-US) extracts of
mango criollo pulp and peel were quantified using HPLC with
diode array detection (DAD). The analysis was performed on an
Agilent 1100 series HPLC system (Agilent Technologies, Santa
Clara, CA, USA), which included a quaternary pump, an inte-
grated degasser, and a DAD. Separation was achieved using
a Poroshell C18 column (4.6 x 250 mm internal diameter, 4.0 um
particle size, Agilent Technologies, Santa Clara, CA, USA). The
mobile phase, identical to that used in HPLC-MS/MS, consisted
of a linear gradient of 0.1% formic acid in Milli-Q water (solvent
A) and 0.1% formic acid in acetonitrile (solvent B) with the
following profile: 95% A at 0 min, held at 95% A for 5 min,
decreased to 85% A by 10 min, further reduced to 75% A by 20
min, then to 70% A by 30 min, and finally to 60% A by 60 min,
followed by a return to 95% A at 65 min and held at 95% A until
70 min. The flow rate was maintained at 0.7 mL min™?, and the
injection volume was 20 pL. UV detection was carried out at 280
nm (gallic acid and derivatives), 320 nm (xanthones), 360 nm
(flavonols) and 255 nm (ellagic acid). Commercial standards of
gallic acid, catechin, mangiferin, maclurin, quercetin-3-O-galac-
toside, quercetin-3-O-glucoside and ellagic acid were used to
build calibration curves in the range of 0.05 to 50 ug mL ™.

2.5.2. HPLC-DAD analysis of carotenoid compounds.
Carotenoid quantification®® was performed using HPLC with
a Waters system (Milford, MA, USA), including a 600 pump and
a 2998 DAD. Separation was achieved using a C30 YMC column
(5 pm particle size; 250 x 4.6 mm internal diameter) from
Waters (Wilmington, MA, USA), protected by an RP-18 guard
column at 25 °C. The mobile phase consisted of MeOH with
0.1% trimethylamine (A) and tMTBE (B), with a linear gradient
95: 5 (start), 70: 30 (25 min), 35: 65 (55 min), and back to 95: 5
(60 min). Carotenoids were detected at 450 nm, while tocopherol
acetate (the internal standard) was detected at 285 nm. Empower

2 software (Waters, Milford, MA, USA) was used for
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chromatogram processing. A calibration (0.6-12.8 ng pL™*
range) was built using commercial standards for lutein, zeax-
anthin, B-cryptoxanthin, a-carotene and B-carotene.

2.5.3. Total phenolic compounds and antioxidant activity
(AA) (TPC-FC, ABTS'*, and DPPH’). The antioxidant activity was
analyzed by evaluating the free radical-scavenging activity of the
extracts against 2,2-diphenyl-1-picrylhydrazyl (DPPH’) and 2,2’
azinobis(3-ethylbenzothiazoline)-6-sulphonate (ABTS'") radicals
and the reducing capacity of the extracts through total phenolic
compounds (TPCs) using the Folin-Ciocalteu assay (TPC-FC).
These methods were previously described by Gonzalez-Pefa et al.
(2013).** DPPH" and ABTS"" results were expressed as pmol trolox
equivalents (TE) per gram of dry weight (umol TE g~ ' DW), and
TPC results were expressed as milligrams of gallic acid equiva-
lents per gram of dry weight (mg GAE g~' DW).

2.6 Statistical analysis

Data are expressed as the mean + standard deviation (SD). The
normality of the variables was assessed using the Shapiro-Wilk
test, confirming that the data followed a normal distribution. To
compare the means between two groups, Student's ttest was
employed. For comparisons involving more than two groups,
a one-way Analysis of Variance (ANOVA) was conducted. Statistical
significance was set at p < 0.05. SPSS Statistics Editor (IBM SPSS
Statistics, v.29) was used for all statistical calculations.

3 Results and discussion

3.1 Conventional extraction of phenolic compounds and
terpenoids from mango criollo pulp and peel

The extracts of pulp and peel of mango criollo obtained by
magnetic stirring with aqueous ETOH as solvent [ETOH : water,
46: 54 (v/v) for peel and 25 : 75 (v:v) for pulp according to Ojeda
et al. (2022)*] were analyzed using HPLC-ESI-QTOF-MS/MS
(Table S1) and 42 compounds from different families of
compounds were tentatively identified following the procedure
previously described:*? organic acids (quinic acid and citric acid);
phenolic acids derivatives (p-hydroxibenzoic acid glucoside,
vanillic acid glucoside, valonic acid dilactone, and ellagic acid);
benzophenones (maclurin derivatives and iriflophenone-3-C-(2-
O-galloyl)-3-p-glucoside); xanthones (mangiferin and derivatives);
different classes of flavonoids such as flavonols (quercetin
derivatives), flavanols (catechin), different gallates and gallota-
nins (pentagalloylglucose) and terpenoids (dihydrophaseic acid
4-O-beta-p-glucoside, jasminoside R, and abscisic acid).
HPLC-DAD chromatograms (280 nm) showed that the qual-
itative phenolic composition of peel and pulp was very similar
although the peel exhibited more peaks corresponding to gal-
lotannins of high molecular weight (peaks 39-41) (Fig. S1).
The tentative quantification by HPLC-DAD of major phenolic
compounds in the pulp and peel of mango criollo is shown in
Table 2. Total phenolic compounds (TPC-HPLC) in peel (3646 +
510.37 pg g~ ' DW) were 9.7 times higher than in pulp (374.55 pg
g~ ' DW) (Table 2). Similar results were found for the peel and
pulp of other mango cultivars.”® Gallates and gallotannins
constituted the main phenolic family, accounting for 75% and
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85% of the total phenolic compounds in peel and pulp,
respectively (Table 2). Gallotannins are hydrolysable tannins
composed of polymeric chains of gallic acid esterified with
glucose. The main gallotannins found in peel and pulp (Tables
S1 and 2) were heptagalloyl glucoside (compounds 36-38),
hexagalloyl glucoside (compounds 32-35), pentagalloyl gluco-
side (compound 27), tetragalloyl glucoside (compound 21) and
trigalloyl glucoside (compound 12). Also, some gallic acid
derivatives were quantified such as ethyl gallate (compound 22),
galloyl glucoside (compound 5) and digalloyl glucoside
(compound 7) (Table 2). These compounds have been previ-
ously described in mango peel.*

Gallotannins are recognized as important mango bioactive
compounds for their functional properties such as antibacte-
rial, antioxidant and antiinflammatory characteristics and
positive effects on human health.*'*?**% It is remarkable that
vanillic acid glucoside (compound 4) was present at 8.4 times
higher concentration in pulp (20.76 pg g~* DW) than in peel.

Flavonols in the peel (441.58 pg ¢~" DW), mainly quercetin
derivatives, accounted for 12% of the total phenolic compounds
(Table 2). However, the concentration of flavonols in the pulp (7.34
ug g~ ' DW) was 60 times lower than in the peel. The main flavonol
was quercetin-3-galactoside, accounting for 65% and 40% of the
total flavonols in peel and pulp, respectively, followed by quercetin-
3-glucoside (Table 2). Quercetin and quercetin glycosides have
demonstrated antioxidant, anti-inflammatory, antitumor, anti-
proliferative, and apoptotic properties in numerous in vitro and in
vivo assays. There is a growing body of evidence showing that
quercetin and quercetin glycosides have great potential in the
prevention and treatment of different chronic diseases, including
cardiovascular and neurodegenerative diseases, as well as
cancer.®**

Xanthones, mainly mangiferin (compound 14), were present
at 5.3 times higher concentration in the peel (261.24 pg g~ ' DW)
than in the pulp (Table 2).

Another important group was benzophenones, primarily
maclurin-3-C-p-p-glucoside  (compound 9), followed by
maclurin-3-C-(2-O-galloyl)-B-p-glucoside (compound 17). Total
benzophenone concentration in peel (207.22 ug g~ ' dw) was 5.3
times higher than in the pulp (Table 2).

In the present study, neither catechin nor ellagic acid were
quantified since they were below the detection limit of the HPLD-
DAD system, in contrast to those described by Ojeda et al. (2022).%>

Different terpenoids, compounds 11, 16 and 42 (Table S1),
were tentatively identified for the first time in the mango criollo
extracts. Compound 11 was consistent with the monocyclic
monoterpenoid jasminoside R. Abscisic acid (ABA) (compound
42), a sesquiterpenoid plant hormone formed from three
isoprene units, was tentatively identified, and quantified in the
mango criollo pulp (39.47 pg g ' DW) but not in the peel.
Abscisic acid plays a fundamental role in regulating the
ripening of mango fruit. Thus, abscisic acid helps in the
degradation of starch present in the fruit cells, increases the
accumulation of total sugars, reduces total organic acids, and
facilitates the transformation of chloroplasts into chromoplasts
containing red or yellow carotenoid pigments.*” Another plant
hormone identified in peel and pulp of mango criollo was the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Conventional extraction of major phenolic compounds in peel and pulp of mango criollo analyzed by HPLC-DAD*

Compounds

Phenolic compounds

Peel (g g~ DW) Pulp (ug g~' DW)

(total) 3646.00 + 374.55° 510.37 + 58.46°
No. Gallates and gallotannins (total) 2733.50 + 306.17° 436.30 £ 49.11%
5 Galloyl glucoside 21.73 + 2.81° 15.24 + 1.86"
7 Di-galloyl glucoside 44.05 + 4.29° 9.30 &+ 1.26%
12 Tri-galloyl glucoside 133.61 & 5.06 nq
21 Tetra-O-galloyl glucoside 32.03 + 4.62° 17.32 £ 2.97%
22 Ethyl gallate 99.61 + 13.26° 8.74 + 1.34%
27 Penta-O-galloyl glucoside 531.22 + 15.39° 102.96 + 3.22%
32-35 Hexagalloyl glucoside 628.08 + 87.10° 74.51 £ 7.50°
36-38 Heptagalloyl glucoside 1234.90 + 173.60° 180.67 + 25.42%

Benzophenones (total) 207.22 +12.50° 32.25 + 4.42°
8 Maclurin-3-C-B-p-glucoside I 32.95 + 1.65° 3.71 + 1.30%
9 Maclurin-3-C-B-p-glucoside II 107.36 + 1.38° 26.03 + 3.11%
10 Maclurin-3-C-(2-O-galloyl)-B-p-glucoside 28.97 £ 0.53° 2.32 + 0.27%
15 Iriflophenone-3-C-(2-0O-galloyl)-B-p-glucoside 6.99 + 3.38" 1.28 £+ 0.15%
17 Maclurin-3-C-(2,3-di-O-galloyl)-B-p-glucoside 30.94 + 5.55 Nq

Xanthones (total) 261.24 +48.87" 13.67 +2.54°
14 Mangiferin 247.97 + 45.60° 2.17 £+ 0.43%
18 Mangiferin-6-O-gallate 13.27 + 3.29° 11.56 + 2.12%

Flavonols (total) 441.58 +6.95" 7.34 £0.23a
20 Quercetin-3-diglucoside 30.99 + 0.15° 0.532 £ 0.003*
25 Quercetin-3-O-galactoside 280.59 + 4.91° 2.928 + 0.004*
26 Quercetin-3-O-glucoside 30.99 + 0.149" 2.162 £ 0.002°
29 Quercetin-pentoside I 25.80 =+ 1.62° 0.718 £ 0.085
30 Quercetin-3-O-rhamnoside 73.22 + 0.12° 0.493 + 0.057°

Phenolic acid derivatives 2.46 +0.06" 20.76 +2.16"
4 Vanillic acid glucoside

Terpenoids (total) 209.48 +24.20" 127.83 +7.74*
16 Dihydrophaseic acid 4-0-f3-p-glucoside 147.26 + 24.20° 33.52 + 3.30°
11 Jasminoside R 62.22 + 12.59% 54.85 + 2.01°%
42 Abscisic acid Nd 39.47 £ 2.43

“ Different small letters mean statistically significant differences (p < 0.05) between peel and pulp of the same compound.

apocarotenoid sesquiterpenoid dihydrophaseic acid 4-O-f3-p-
glucoside (compound 16). Apocarotenoids are synthesized via
the oxidative cleavage of carotenoids and play key roles in
regulating plant growth and development as well as responses
to environmental changes and stress factors. Compound 11, 16
and 42 have been previously identified in mango peel.*

The discrepancies between the phenolic compound profile
of the criollo extracts analysed in this study and those reported
by Ojeda et al. (2022),? could be attributed to variations in fruit,
harvesting area, ripeness, and the chromatographic system
employed.”

In summary, 42 compounds were tentatively identified in the
pulp and peel of mango criollo by HPLC-ESI-QTOF-MS/MS such as
penta-galloyl glucoside (gallotannins), quercetin-3-O-galactoside,
(quercetin derivatives), mangiferin (xanthones), among others.
The total phenolic content quantified by HPLC-DAD (TPC-HPLC)
was 10 times higher in the peel than in pulp. Also, terpenoids
(dihydrophaseic acid 4-O-beta-p-glucoside, jasminoside R, and
abscisic acid) were described for the first time in mango criollo.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.2 Conventional extraction of carotenoids from mango
criollo pulp and peel

The total carotenoid concentration was three times higher in
mango peel than in the pulp (129.7 pg g " and 42.7 ug g~ ' DW,
respectively). Consistent with previous studies,*** B-carotene

129.70b
T

42.74a

Carotenoids content

I 7.26 3.00
| =

Lutein B-cryptoxanthin Total

a-carotene Zeaxanthin

B-carotene

m Pulp mPeel

Fig.1 Carotenoid content in conventional extracts of pulp and peel of
mango criollo. Different small letters mean statistically significant
differences (p < 0.05) between in peel and pulp extracts.

Sustainable Food Technol.,, 2026, 4, 470-481 | 475


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00383k

Open Access Article. Published on 21 October 2025. Downloaded on 3/22/2026 9:14:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable Food Technology

View Article Online

Paper

Table 3 Total and individual carotenoids from peel and pulp (ug g*1 DW) in conventional and DES extracts released by SPE®

% extraction

Extraction type  f-Carotene a-Carotene  Lutein Zeaxanthin  B-Cryptoxanthin  Total carotenoids (of total carotenoids)
Pulp Conventional 374+ 1.2 53+0.1 BLQ BLQ BLQ 42.7

DES-1 31.4 + 3.3 43+03 BLQ BLQ BLQ 35.7 83.4

DES-2 30.5 + 2.3 5.0+ 0.3 BLQ BLQ BLQ 35.5 83.0

DES-3 30.8 +2.2 45+03 BLQ BLQ BLQ 35.3 82.5

DES-4 33.0 £ 5.9 5340.7 BLQ BLQ BLQ 38.3 89.5
Peel Conventional 68.3 + 3.9° 15.2 + 0.7 35.9 + 4.9 7.3+1.2 3.1+0.4 129.7

DES-1 302 +6.4%  49+1.8 17.9+20° 3.4+03* 1.6+ 0.5 58.1%° 44.8

DES-2 48.1 + 0.4° 82+23% 27.0+1.1 5.8 +0.5 3.0 £ 0.4 92.0% 71.0

DES-3 28.2 +£0.4% 4.6 +£0.0° 18.5+4.0° 32408 1.5+ 0.3 56.0°" 43.1

DES-4 25.0 £ 1.6,, 4.8 +0.2° 15.0+22% 29+05® 1.5+0.3% 49.0%° 37.8

“ BLQ: below the limit of quantitation; a: difference between conventional and DES (SPE); b: differences with respect to DES-2.

was the predominant carotenoid in both tissues (87.6% in the
pulp and 53.0% in the peel), while lutein was also notable in the
peel (27.6%). Zeaxanthin and B-cryptoxanthin were only iden-
tified in the peel (Fig. 1 and Table 3). The total carotenoid
concentration in criollo mango peel was higher than in other
cultivars like Tommy Atkins, Haden, and Kent,*" while the pulp
content was lower.**** These variations are common among
cultivars due to genetic, maturity, and agronomic factors.*>*®
Notably, this study used HPLC-DAD for quantification, unlike
some previous studies which used spectrophotometry.

In summary, mango peel contains a significantly higher
amount of carotenoids than the pulp, making it a valuable
source of B-carotene and lutein.*>*>

3.3 Extraction of phenolic compounds and carotenoids from
mango criollo pulp and peel using deep eutectic solvents
combined with ultrasound-assisted extraction (DES-UAE)

In the context of developing sustainable extraction methods,
deep eutectic solvents (DES) were chosen for this study due to
their favorable properties, including non-volatility, non-flam-
mability, and derivation from renewable sources.'* We
combined DES with ultrasound-assisted extraction,*® a method
known for its sustainability.

Based on previous work demonstrating the successful
extraction of phenolic compounds from mango peel and
seeds,* we selected and prepared four specific DES to extract
both phenolic compounds and carotenoids. The physicochem-
ical properties of these DES, which were composed of various
hydrogen bond acceptors and donors (Table 1), were expected to
influence their extraction efficiency.

Although these DES are typically suitable for hydrophilic
compounds, this study investigates the possibility of using
a single DES to simultaneously extract both hydrophilic
phenolic compounds and lipophilic carotenoids from mango
peel and pulp. The polarity values of the selected DES (Table 1)
were closer to those of ETOH and MeOH (~52 kcal mol ') than
to solvents typically used for carotenoid extraction, such as DE
or PE (~55 kcal mol™).

3.3.1. Extraction of phenolic compounds and antioxidant
activity using DES-UAE. To determine the capacity of the

476 | Sustainable Food Technol, 2026, 4, 470-481

different DES studied (Table 1) in combination with ultrasound-
assisted extraction (DES-UAE) to extract phenolic compounds
and antioxidant activity, the phenolic DES-extracts obtained
from mango pulp and peel were analyzed by HPLC-DAD and the
data were grouped by compound families (Table 4).

In addition, the antioxidant activity was studied by three
methods: the reducing capacity of the extracts was determined
by the analysis of total phenolic compounds using the Folin—-
Ciocalteu (TPC-FC) method and the radical scavenging capacity
was evaluated by the DPPH" and ABTS"' methods. The data
obtained with the four DES-UAE systems studied were
compared with those obtained with conventional magnetic
stirring extraction using aqueous ethanol as the solvent. In all
cases, the release of phenolic compounds from DES was carried
out by using solid phase extraction (SPE) cartridges.

3.3.1.1 Antioxidant activity: total phenolic content using
Folin-Ciocalteu (TPC-FC), DPPH" and ABTS'+ assays. The results
of TPC-FC, DPPH" and ABTS"" assays are shown in Fig. 2. The
TPC-FC values of the peel DES-extracts were 3 times (DES-1), 1.2
times (DES-2), 1.6 times (DES-3) and 2 times (DES-4) higher than
their respective values in pulp (Fig. 2).

DES-4 showed the highest TPC-FC (23.06 mg GAE g~ ' DW)
value in the peel followed by DES-3 (17.69 mg GAE g~ ' DW) and
DES-1 (16.39 mg GAE g~' DW). Thus, DES-1, DES-3 and DES-4
significantly increased (~2.2 times, p < 0.05) the TPC-FC value
in the peel compared to conventional extraction with aqueous
ETOH (8.36 mg GAE g~ ' DW). However, the TPC-FC value ob-
tained with DES-2 was 18% lower than that of the conventional
extract, perhaps due to DES-2 having the highest viscosity of the
four DES studied (Table 1).

In the pulp, all four DES significantly increased the TPC-FC
value compared to the conventional extract (1.74 mg GAE g~ '
DW). In fact, ChCl-based solvents (DES-3 and DES-4), showed
a higher increase (~6.6 times) than 3-Ala-based solvents (DES-1
and DES-2) (~3.2 times) compared to the conventional extract
(Fig. 2).

Generally, the composition and viscosity of the DES influ-
enced the TPC-FC values. In peel, DES-4 showed the highest
TPC-FC value followed by DES 3. Both DES-3 and DES-4, were
Ch-Cl-based solvents with the lowest viscosity (Table 1).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Antioxidant activity in the peel, as determined by DPPH® and
ABTS " showed the same trend as TPC-FC. Thus, ChCl-based
solvents, DES-4 and DES-3, presented ~7.5 times and ~5 times
higher antioxidant activity (ABTS" and DPPH’) than conven-
tional extraction (Fig. 2).

Also, all four DES significantly increased antioxidant activity
in the pulp by ~10 times (DPPH" and ABTS"") compared to the
conventional extracts.

Similar results have been reported for other fruit by-
products.

The fact that certain DES mainly ChCl-based solvents,
increased the TPC-FC value and the antioxidant activity of fruit
by-products compared to traditional extraction, has been also
reported for olive pomace,' apple pomace,** and mango peel,*
among others.

Pearson correlation analysis indicated that in both peel and
pulp, there was a very high correlation between the three
methods used to determine the hydrophilic antioxidant activity
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Fig. 2 Extraction efficiency of the combination of different deep
eutectic solvents with ultrasound-assisted extraction (DES-UAE)
compared to the conventional extraction process of magnetic stirring
with aqueous ethanol: (2.1) total phenolic content using Folin—Cio-
calteu assay; (2.2) antioxidant activity using DPPH" assay; (2.3) anti-
oxidant activity using ABTS"* assay. Different small letters in pulp and
peel extracts means statistically significant differences (p < 0.05)
between different solvents for the same mango product (peel or pulp).
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(TPC-FC, DPPH' and ABTS"). Thus, in peel, DPPH" showed
a high correlation with TPC-FC (r = 0.99) and ABTS"" (r = 0.97),
with similar trends observed in the pulp (TPC-FC, r = 0.80;
ABTS™, r = 0.77).

In conclusion, the DES-UAE systems assayed, mainly CHCI-
based solvents in the peel, are useful for the valorization of
mango by-products as they significantly increase the antioxi-
dant activity values compared to traditional stirring with
aqueous ethanol.

3.3.1.2 Phenolic compounds and terpenoids by HPLC-DAD.
The major individual phenolic compounds of pulp and peel of
mango criollo were identified and quantified by HPLC-DAD and
grouped by families (Tables 2 and 4).

The TPC-HPLC contents determined in DES-1, DES-2, DES-3
and DES-4 peel extracts were 4, 3, 6 and 8 times higher than
their counterparts in pulp (Fig. 3.1). DES-4 showed the highest
TPC-HPLC (4.71 mg g ' DW) in peel which represented an
increase of 29% compared to conventional extraction (Fig. 3.1).
In contrast, DES-2 recovered the lowest TPC-HPLC in the peel
(2.41 mg g~ DW) which was 32% less than that obtained with
conventional extraction, followed by DES-1 and DES-3 although
no statistically significant differences were found among these
three solvents. In fact, the TPC-HPLC values of DES-1 and DES-3
were statistically similar to that of conventional extraction.

Different trends were found in the pulp, where the TPC-
HPLC values of DES-2 (0.88 mg g~ ' DW) and DES-1 (0.75 mg g™
DW) increased by 72% and 47% compared to conventional
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6
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Fig. 3 Extraction efficiency of the combination of different deep
eutectic solvents with ultrasound-assisted extraction (DES-UAE) on
the extraction of total phenolics (3.1) and total terpenoids (3.2)
determined by HPLC-DAD compared to the conventional extraction
process of magnetic stirring with aqueous ethanol. Different small
letters in pulp and peel extracts means statistically significant differ-
ences (p < 0.05) between different solvents for the same mango
product (peel or pulp).
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extraction. On the other hand, DES-3 and DES-4 showed
concentrations similar to conventional extraction (0.51 mg g~
DW) (Fig. 3.1).

These results showed that ChCl-based solvents (DES-3 and
DES-4) were more effective for the extraction of phenolic
compounds in the peel, while 8-ALA-based solvents (DES-1 and
DES-3), which have higher viscosity and polarity (Table 1), were
more efficient in extracting phenolic compounds from the pulp.
It appears that the more viscous DES-1 and DES-2 have greater
difficulty than DES-3 and DES-4 entering the fibrous tissue of
the peel compared with the less structured and softer tissue of
the pulp.

The 29% increase in TPC-HPLC extraction from the peel
using DES-4, compared to conventional extraction, could be
related to the higher levels of total gallates, gallotannins, and
flavonols (Table 4). In fact, the four DESs assayed increased the
extraction of all the individual flavonols in peel (mainly quer-
cetin-3-O-galactoside and quercetin-3-O-glucoside) compared to
conventional extraction (Table 2). Thus, DES-3 and DES-4
increased 2.3 times and 1.8 times, respectively, the extraction of
flavonols compared with the conventional extraction. However,
xanthones (mangiferin) and benzophenones (maclurin deriva-
tives) in peel were extracted 2-5 times less efficiently with DES
than with conventional extraction.

4.1
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Fig. 4 Total and individual carotenoids extracted from pulp (4.1) (ug
g~! DW) using DES and released with SPE or with THF + PE and from
peel (4.2) (ng g~ DW) using DES and released with DE : PE (50 : 50) or
with SPE. (a) Differences between conventional and DES (SPE)
extraction. (b) Differences with respect to DES-2 (SPE) extraction. (c)
Differences between conventional and DES (DE: PE) extraction. (d)
Differences with respect to DES-2 (DE : PE) extraction.
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In the pulp, the increase in TPC-HPLC with DES-1 and DES-2
compared to conventional extraction has been related with the
increase in the recovery of gallates and gallotannins and bezo-
phenones (Tables 2 and 4).

Terpenoids determined by HPLC-DAD (Table 2) in the
conventional extracts were also extracted using DES (Fig. 3.2),
but only jasminoside R (compound 11) and dihydrophaseic acid
4-0-3-p-glucoside (compound 16). Abscisic acid was not
extracted with DES.

DES-1, DES-3 and DES-4 increased the extraction of total
terpenoids by approximately 49% compared to the conventional
extraction. The most viscous solvent DES-2 showed the lowest
total terpenoid content extracted as also observed with phenolic
compounds.®**

Pearson correlation analysis indicated a positive correlation
between TPC-HPLC and TPC-FC (r = 0.68), DPPH" (r = 0.63),
and ABTS"" (r = 0.53) in the peel. Also in the pulp, positive
correlations were found between TPC-HPLC and DPPH' (r =
0.34) and ABTS'" (r = 0.25).

In conclusion, ChCl-based solvents, DES-3 and DES-4,
showed the better results in the peel, while in the pulp, 3-Ala-
based solvents, DES-1 and DES-2, gave the best results. In both,
the increase in TPC-HPLC was related with the increase in total
gallates and gallotannins and total flavonols. Xanthones
(mangiferin) and benzophenones were extracted with DES but
in lower amounts than with a traditional process. DES-UAE is
a sustainable system to increase the extraction of phenolic
compounds from mango by-products compared to conventional
extraction.

3.3.2. Extraction of carotenoids using DES-UAE. The
extraction of carotenes (o and ) from mango pulp using DES-
UAE followed by SPE cartridges was similar to the traditional
method (Table 3 and Fig. 4.1). In the peel, however, conven-
tional extraction yielded higher amounts than any DES-SPE
combination (Table 3 and Fig. 4.2). No significant differences in
pulp extraction across DES/SPE was observed, whereas DES-2/
SPE improved extraction of total carotenoids, B-carotene, -
cryptoxanthin, lutein, and zeaxanthin from the peel (Table 3).

The results show that DES-UAE was more effective in the
pulp than in the peel (Table 3, Fig. 4.1 and 4.2), likely due to the
pulp’'s homogeneity,>® which led to more consistent recovery
across DES.

Most DES are water-soluble, which limits their applicability
for hydrophobic compounds like carotenoids.** This is consis-
tent with previous literature, where DES did not enhance the
extraction of carotenoids from materials like apricot waste
Buriti fruit.*® In the present study, DES-UAE/SPE extraction (j-
Ala and Ch-Cl based) was less effective than the conventional
method (Table 3), especially in the peel. Given that this study
aimed to extract both carotenoids and polyphenols, it is
possible that hydrophobic DES might be suitable for carot-
enoid-specific extractions.

Regarding the release of the compounds, LLE-THF and SPE
yielded similar results for pulp carotenoids. However, DE : PE
for the peel proved to be more efficient than SPE (Fig. 4.2), due
to faster drying and greater efficiency than SPE,* and was
chosen due to THF's toxicity and long drying times.**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Among the different deep eutectic solvents, DES-2 (B-Ala-
based) showed the highest peel extraction, despite viscosity>
challenges which were mitigated with heat and water.>**® The
use of B-Ala-based DES for non-polar carotenoids is a novel
finding, as its application has previously been limited to polar
compounds,®” highlighting its potential, even though its effec-
tiveness remained lower than that of the conventional method.

In summary, DES-UAE extraction was more efficient in
mango pulp (~85% recovery) than in peel (~40% for DES-1/3/4;
~71% for DES-2). While conventional methods remain superior
for the peel, DES-UAE offers a sustainable alternative, and p-Ala-
based DES showed potential for carotenoids despite viscosity-
related limitations. Future studies should explore hydrophobic
DES and optimize extraction conditions.

4 Conclusion

This study demonstrates that combining DES with UAE is
a sustainable and effective method for recovering bioactive
compounds from underutilized mango criollo by-products.
Both pulp and peel yielded significant concentrations of poly-
phenols and carotenoids, with promising implications for the
food industry. The DES-UAE method notably enhanced poly-
phenol extraction, outperforming conventional aqueous
ethanol extraction. DES-2 in pulp and DES-4 in peel achieved
increases of 72% and 29%, respectively. Peel samples contained
up to 3646 pg g ' DW of total phenolics, approximately ten
times more than in pulp. ChCl-based DES (DES-3 and DES-4)
also boosted antioxidant activity, with up to 7.5-fold increases in
TPC-FC values. For carotenoids, DES-UAE matched conven-
tional extraction in pulp, recovering ~85% (42.74 ug g~ ' DW),
while DES-2 achieved the highest recovery in peel (~71%). Peel
was identified as a richer source of carotenoids (129.7 pg g
DW), with B-carotene as the predominant compound and lutein
as a key pigment.

The extracts, rich in gallotannins, xanthones (e.g., man-
giferin), and carotenoids, offer potential as natural antioxi-
dants, dietary supplement ingredients, and food colorants. The
safety and biodegradability of DES may allow direct use of these
extracts without further purification.

Future research should explore hydrophobic DES to improve
non-polar carotenoid extraction, optimize conditions for
fibrous matrices like peel, and assess extract stability and
functionality in real food systems. Additionally, further inves-
tigation into the newly identified terpenoids may uncover novel
applications.
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